Quadrature detection techniques have been applied to images obtained from a Mach -Zehnder interferometer with differently polarized beams to yield the real and the imaginary parts of the diffracted fields simultaneously. This approach eliminates the need for phase retrieval by providing complete information on the complex amplitude of the diffracted signal. We present results in which we demonstrate our ability to reconstruct two-and three-dimensional microscopic objects from their complex diffraction patterns. © 1998 Optical Society of America OCIS codes: 120.5050, 180.3170, 110.6880, 110.1650, 090.2880 A well-known problem in optics is the diff iculty of obtaining phase information from imaging systems. Holography accomplishes this task by mixing the light from the object with a reference beam and recording the resulting interference pattern. In a hologram the information may be contaminated by a ghost image, formed because the hologram records only one quadrature component of the optical field. By adapting for an optical system the microwave technique of quadrature detection, we are able to measure the complete complex amplitude of the electric field in the image plane of our system. Knowledge of the complex f ield amplitude in one plane allows us to reconstruct the f ield in any other plane along the propagation direction. We are therefore able to image diffracting objects and to reconstruct three-dimensional objects without scanning or changing focus. The conventional method of obtaining phase directly uses a reference beam that is offset in frequency from the signal beam.
A well-known problem in optics is the diff iculty of obtaining phase information from imaging systems. Holography accomplishes this task by mixing the light from the object with a reference beam and recording the resulting interference pattern. In a hologram the information may be contaminated by a ghost image, formed because the hologram records only one quadrature component of the optical field. By adapting for an optical system the microwave technique of quadrature detection, we are able to measure the complete complex amplitude of the electric field in the image plane of our system. Knowledge of the complex f ield amplitude in one plane allows us to reconstruct the f ield in any other plane along the propagation direction. We are therefore able to image diffracting objects and to reconstruct three-dimensional objects without scanning or changing focus.
The conventional method of obtaining phase directly uses a reference beam that is offset in frequency from the signal beam. 1 -3 This requires either an acoustooptical modulator (a Bragg cell) or a second laser. Both options involve considerable expense and complexity. Other techniques of phase retrieval are also available, 4 -9 but some require additional complexity of calculation or hardware and others limit the resolution. None is so direct, simple, or versatile as the optical quadrature method described here, which can serve as either a Fourier-transform system or an imaging system. Figure 1 illustrates a technique for obtaining an image that contains both quadrature components of the field, making it possible to determine both the magnitude and the phase of the signal. This technique was adapted from one that we have demonstrated for laser radar 10 in which we used it to determine the sign of the velocity without resorting to frequency offsetting the reference beam. In that research, which used a ref lective geometry, we tracked the time history of the phase difference between the Doppler-shifted ref lection from a moving object and a reference. In the present Letter we keep the frequencies of the two beams equal and track the phase difference between the beams across the image.
In this configuration the signal beam is linearly polarized at 45
± to the vertical, while the quarter-wave plate (QWP) circularly polarizes the reference beam. A lens places the image plane close to the object. A polarizer in front of the CCD camera can be rotated from horizontal to vertical. The vertical component of the interference pattern will then be 90
± out of phase with the horizontal component. This phase difference is interpreted as a factor-of-i difference between the two polarizations, yielding the real and the imaginary parts of the total interference pattern. One f inds the signal field amplitude in the image plane for each polarization by subtracting the reference intensity and the signal beam intensity from the entire image and dividing by the square root of the reference intensity. If this procedure is followed for the image obtained in both polarizations, the complete complex field amplitude is obtained.
The first object to be considered was a pair of small slits that had a width of 80 mm, a spacing of 250 mm, and a height of 2.5 mm. A one-dimensional slice through the f ield calculated as described above is shown in Fig. 2 . Figure 3 shows the theoretical magnitude and phase of a double-slit diffraction pattern. Note that the image plane at 4.8 cm from the slits is not in the far f ield, so computation of the pattern requires Fresnel diffraction theory rather than Fraunhofer diffraction. The agreement between Figs. 2 and 3 indicates that the quadrature interferometer captures the complex f ield amplitude with suff icient accuracy to permit accurate reconstruction of the original object. Once we have calculated the complex f ield in the image plane, which we label U ͑x 0 , y 0 ͒, we can reconstruct the two-dimensional object by integrating the Fresnel integral
Equation (1) is just the two-dimensional Fourier transform of U ͑x 0 , y 0 ͒exp͓ik͑x 02 1 y 02 ͒͞2z͔ scaled by a factor that projects the spherical wave onto the x y plane.
The reconstructed image obtained from Eq. (1) is shown in Fig. 4 . The reconstruction clearly shows the two slits separated by 250 mm. The slits are not fully resolved because of the limited size of the CCD array. Measurements of the pattern show that the full width at half-amplitude of each slit is 80 mm, as expected, within a few percent. The vertical spot size is limited by the beam diameter. This picture also points out that quadrature imaging is still subject to the conventional requirements on the CCD. Inasmuch as we have constructed a Fourier system, if we assume that the lens is large enough to set the CCD as the exit pupil, the transverse resolution is limited by the width of the CCD array and the f ield of view is limited by the width of an individual pixel. Likewise the depth of f ield is proportional to the square of the distance to the object and is inversely proportional to the square of the width of the array.
It is clear from Eq. (1) that we can reconstruct a three-dimensional object by changing the longitudinal distance z in the software, which in effect changes the focus of our imaging system. This ability is demonstrated in Fig. 5 . The target consisted of two crossed hairs, separated by 6 mm, each roughly 80 mm in diameter. By varying z we were able to bring f irst one hair and then the other into focus with only one set of images having been taken.
Quadrature imaging can be used in microscopy to provide images from multiple distances with a single data acquisition. This fact provides a level of parallelism in acquisition, which one can use either to reduce the total light exposure required for obtaining images or to obtain a greater variety of information. For example, in combination with a scanning, focused source, quadrature imaging has the potential to provide more information than the confocal laser microscope, because a complete three-dimensional image can be obtained for each position for the light source. As a result, detailed information about spatial variations in the optical properties of biological tissue can be obtained.
The use of different wavelengths is also of importance in providing three-dimensional spectral information. With appropriate filters, sources, and cameras, images can be obtained at several different wavelengths simultaneously. Current camera and data-acquisition technology also makes real-time acquisition of these images possible. Color cameras could give us spectroscopic information if we used multiple sources, and overall improvements in the number of pixels available could increase the resolution. In a ref lective configuration this technique can provide more information about the surface quality of mirrors than conventional interferometry by removing the ambiguity in the sign of the phase. A three-dimensional surface with submicrometer resolution can be reproduced from this information with a minimum of processing.
Because of the coherent nature of the measurement, quadrature imaging can easily be combined with coherence contrast imaging 11, 12 to provide additional spatial discrimination in turbid media. The approach here allows for subtraction of the background light level that would arise from light from the target that arrived at a time outside the coherence time of the source. Of course full utilization of this capability would require a camera with high dynamic range.
A more advanced configuration would use both outputs of the Mach-Zehnder interferometer in a balanced-mixer configuration, and the two polarizations would be separated by polarizing beam splitters. This procedure would make it possible to obtain simultaneously all the pictures required for processing and open the possibility of high-speed acquisition of the quadrature images. We are constructing such a system and will publish the results.
